The control of the local supply of oxygen to a skeletal muscle vascular bed was analyzed by: (1) determining if a relative oxygen lack causes vascular dilation, (2) ascertaining the vascular elements responsible for the dilation, and (3) attempting to elucidate the mechanism of the dilation. When the concentration of oxygen in the inspiratory air was reduced from that in room air to 18% without increasing the carbon dioxide concentration or inducing a fall in systemic arterial blood pressure, a dilation significant at the 5% level was observed in the terminal arterioles, the metarterioles, and the distribution arterioles of the cremaster muscle of the rat; all of these vessels were oriented transversely to the skeletal muscle fibers and had diameters of less than 40/n. The magnitude of the dilation, expressed as a percent of the control diameter, was inversely related to the vessel's average control diameter. No significant dilation was noted in the precapillary sphincters or the major arterioles with control diameters greater than 40/A. Intra-arterial injections of sodium cyanide produced responses that paralleled in relative magnitude those observed in similar vessels during hypoxia. The microcirculatory adjustments to mild systemic hypoxia were not altered by pharmacological blockade of sympathetic ganglia or a, /3, y, or histaminergic receptors.
• Many parameters of the interstitial fluid space are believed to be regulated by a local vascular control system. Three mechanisms have received particular consideration in discussions about the local control of skeletal muscle microvasculature: (l) regulation of oxygen delivery to the tissues, (2) maintenance of tissue fluid volume, and (3) control of tissue concentrations of various metabolites. It has been suggested that the oxygen tension of arteriolar blood or perivascular fluid acts as a stimulus which either directly or indirectly produces the vascular adjustments necessary for local regulation (1, 2) . Duling and Berne (3) have shown that small arteriolar vessels constrict when the perivascular oxygen tension is elevated. They have postulated that oxygen acts directly on the vascular smooth muscle to control arteriolar resistance.
In the present paper, the hypothesis that a local deficiency in oxygen is involved in the control mechanism regulating the nutrient concentration of the interstitial environment was evaluated in the microvasculature of rat skeletal (cremaster) muscle. A decrease in arterial oxygen tension, produced by sudden reductions in the inspiratory oxygen concentration to 18%, was used as the forcing function to disturb the system regulating local blood flow. Since blood flow is controlled primarily by the precapillary resistance vessels, the diameter of these vessels was monitored as the output-controlling variable. In this manner, the portion of the local vascular control mechanism responsible for adjustments in vessel diameter resulting from step decreases in arterial oxygen tension was studied quantitatively, and a suitable concept depicting its operational nature was derived.
Methods
The cremaster muscle of the rat was chosen for microscopic investigation of a skeletal muscle vascular bed, because it is easily accessible and has a readily visible blood supply. In a 100-g rat, the cremaster pouch is composed of thin, striated muscle approximately 250/x thick, which is bilayered; larger blood vessels occupy an intermediate position between the two muscle layers. Smaller vessels are conveniently visible between the individual muscle fibers. The technique to be described is a modification of that described by Baez (4) .
White rats of the Wistar strain (100-130 g) were anesthetized with a 10% urethane-2% chloralose solu-86 HUTCHINS, BOND, GREEN tion (6 ml/kg, ip). A light surgical plane of anesthesia was maintained by supplemental injections as deemed necessary by observing cutaneous pain responses, corneal reflexes, and whisker movement, which precedes gross animal movement.
The rat was positioned on its back and securely fastened to a Plexiglas board ( Fig. 1 ) which was attached to the microscope stage slide carrier to allow threedimensional movement of the experimental rat.
A stitch was looped from side to side through the middle of the left testis and secured to a movable beam. The beam could be positioned in any of eight slots, 3 mm apart, in the Plexiglas board ( Fig. 1) . Thus, the testis could be stretched from 0 to 24 mm in 3-mm steps. In general, the degree of stretch used was either 3 or 6 mm, which was just sufficient to press the cremaster muscle against the cover glass and prevent muscular movement but yet produced minimum tissue distortion. The force required to effect this stretch was measured electronically and usually did not exceed 20 g.
To expose the cremaster muscle, the ventral aspect of the scrotum was incised down the middle and all connective tissue covering the muscle was gently dissected away. A 35 X 50-mm microscope slide cover glass (no. 1 thinness, 0.13-0.16 mm), modified to include an oxygen microelectrode, was then mounted underneath a Plexiglas support carrier and positioned on top of the cremaster muscle. The support carrier served as a frame for the very fragile cover glass. The carrier frame had a hole in each corner to allow it to be bolted to the Plexiglas board. Four stainless steel 6-32 screws projecting 1.125 inches upward from the board limited the lateral and the forward-backward movement of the carrier.
Knurled nuts above the carrier and compressed springs around the screws between the carrier and the board ( Fig. 1 ) permitted adjustment of the vertical position of the carrier and the cover glass. The cover glass flattened and stabilized the cremaster muscle and functioned as a convenient viewing window for the microscope objective.
After the initial effects of the surgery had subsided and vasomotion had returned, the preparation was stable for 10-12 hours, provided that an appropriate level of anesthesia was maintained.
VESSEL DIAMETER MEASUREMENTS
The blood vessels of the exposed portion of the cremaster muscle were viewed through a Leitz Ortholux microscope equipped with Ultrapak objectives designed for studies with incident light. Vessels with a diameter of less than approximately 25/x were observed at 900x with an oil-immersion objective, and vessels larger than 25/x were observed at 165x.
In most instances, the diameter measurements were taken under filtered stroboscopic illumination. A Chadwick-Helmuth model 135N point Strobex was modified to supply approximately 6000 candle-seconds/flash of collimated 6500° K light at a rate of 30 flashes/sec. The Strobex produced a well-collimated beam which allowed low-energy flashes to be used without sacrificing tissue illumination. The duration of the flash was less than 50 fisec. At a flash rate of 30/sec the tissue was illuminated only 0.15% of the time. Thus, effects of heating and ultraviolet light were kept to a minimum. When large or clearly definable blood vessels were observed, a regular tungsten microscope light source was used. A 87 cyan-blue filter was interposed between the Strobex or the tungsten light source and the Ultrapak condensors, because this particular color gave the greatest contrast between blood and the surrounding tissues when reflected light was used. A sector diaphragm was positioned in the Ultrapak objective to block all but 45° of the 360° annular ring of incident light. In this manner, the tissue was presented in relief with the inside vessel walls accentuated, making it easier to obtain a measurement of the internal diameter.
The vessel diameter was measured with a Vickers image-splitting micrometer (4) mounted in the phototube of the Ortholux microscope. The image splitter sheared the optical image into two separate images and displaced one with respect to the other. By rotating the image splitter in the phototube, the shearing was maintained in a direction at right angles to the axis of the vessel.
Using similar techniques and magnifications, Baez has reported standard errors of approximately 0.2/x. Our experience also suggests that vascular changes greater than 0.2/1 are resolved accurately with this system.
PRESSURE MEASUREMENTS
The systemic arterial blood pressure was monitored using a catheter in the right carotid artery. Polyethylene (PE) 60 tubing (0.76 mm, i.d., 1.22 mm, o.d.) was pulled over heat until the external diameter of a small segment had been reduced to the equivalent of that of PE 10 tubing (0.61 mm, o.d.). The tubing was then cut to give a catheter approximately 8 inches long of PE 60 size with a rapid tapering oft to PE 10 size at one end.
INSPIRATORY OXYGEN TENSION CHANGES
The concentration of oxygen in the inspiratory air was altered by letting the rat breathe out of an anesthesia bag containing 18% oxygen made up from an appropriate mixture of room air and nitrogen. The concentration of oxygen in the bag was checked on a Radiometer blood gas analyzer. Preliminary studies indicated that 18% oxygen was the lowest concentration that Wistar rats could tolerate for approximately 1 minute without any appreciable fall in systemic blood pressure and thus any alteration in another input to the local control system. Regardless of the control arterial oxygen tension, a reduction in the inspiratory oxygen content from that in room air to 18% oxygen decreases the arterial oxygen tension by approximately 15%.
TISSUE OXYGEN TENSION MEASUREMENTS
A small hole (20-100/x) was bored in the glass cover slip in the area that was to be in contact with the exposed cremaster muscle. A 90% platinum-10% iridium wire (10-75/u.) was inserted into this hole from above until the platinum wire just barely protruded through the glass slide; the wire was then cemented in place with epoxy compound. The wire and epoxy projecting through the hole were buffed smooth so that the bottom surface of the glass plate was flat. This procedure left an area of platinum equal to the cross-sectional area of the wire exposed on the bottom edge of the glass plate. This area of platinum was then covered with a thin layer of Collodion so that the platinum was not in direct contact with the tissue when the cover glass was pressed against Circulation Research, Vol. XXXIV, January 1974 the cremaster muscle. The microelectrode formed the cathode for a standard polarographic determination of oxygen tension. A Ag-AgCl electrode (diameter 1.25 mm) inserted into the neck wound served as the reference electrode. A polarizing source, adjusted to 0.6 v, and an integrated-circuit nanoammeter were connected between the reference electrode and the cathode.
Calibration of the microelectrode was attempted both prior to and immediately after the experiment but was found to be impractical for this particular design; hence, a relative tissue oxygen tension was monitored and expressed as nanoammeter current. The electrical zero was checked periodically throughout the experiment by shorting the nanoammeter input terminals.
When the cover slip containing the electrode was floated on saline bubbled with various gas mixtures, the nanoammeter current was linearly related to the oxygen tension and unaffected by the concentrations of the other gases or of cyanide used in this study. The time constant for the electrode in this particular calibration system was on the order of 1 second.
GENERAL MONITORING AND RECORDING
Core temperature, maintained between 36 and 38°C by an electrical heating mat placed under the rat, was monitored with a thermistor probe (Yellow Springs Instruments) inserted into the rectum. Heart rate was monitored periodically during the experiments to detect changes in the cardiovascular status of the experimental rat. Mean and pulsatile systemic arterial blood pressure, nanoammeter current (tissue oxygen tension), and vessel diameter were recorded on a Grass model 7 polygraph. In instances in which there was no response and no apparent vasomotion, the ability of the vessel to constrict was tested by occluding the left common carotid artery or by administering 100% oxygen. In general these procedures resulted in at least minimum constriction of the vessel within 60 seconds.
Results

ANATOMICAL DESCRIPTION
There appeared to be four distinct structural categories of vessel types in the cremaster bed ( Fig. 2 ): precapillary sphincters (circle 1), terminal arterioles (circle 2), metarterioles (circle 3), and arterioles (circle 4). Since the diameters of the various arterioles found in the cremaster bed ranged from 5 to 63^t, the arterioles were further broken down into five subcategories (Aj -A 5 ) based on control size at the time when tone was well established ( Table 1) .
As a rule, metarterioles and A,-A 3 arterioles were aligned obliquely to the top layer of skeletal muscle fibers; they were therefore referred to as transverse distribution vessels. A 5 arterioles ran approximately parallel to the upper skeletal muscle fibers and constituted the main arteriolar supply to the exposed area of cremaster muscle (see large longitudinally aligned arteriolar vessel in the center of Fig. 2 ). Hence, these large arterioles were denoted as major arterioles. Vessels falling into the A 4 category were either large transverse arterioles feeding a sizable area of tissue or distal continuations of the major parallel arterioles. Thus, they did not fall clearly into either the parallel or the transverse grouping.
After the completion of the surgical procedures and the placement of the electrodes and catheter, an equilibration period was observed during which the vessel diameters were spontaneously reduced. This event has been referred to as the establishment of steady-state tone, and it is this subjective evaluation of tone that is implied in this report. Measurements were recorded and included in the analysis only after tone had stabilized.
RESPONSE TO A REDUCTION IN OXYGEN TENSION
On the average, precapillary sphincters responded only slightly to the mild hypoxia produced by breathing 18% oxygen for approximately 1 minute (Fig. 3B ). The reactivity of any vessel found to be unresponsive to hypoxia was tested by administering 100% oxygen. In the example chosen for illustration, the vessel decreased its diameter by 15%. On return to breathing room air, the vessel dilated to a diameter greater than its control diameter; thus, during the prehypoxic period, the vessel was capable of dilation and constriction.
In general, when common carotid artery occlusion was used to determine the reactivity of a vessel, the constriction was more pronounced than Contrasting responses of a precapillary sphincter (B) and a terminal arteriole (A) to inspiration of 18% oxygen. Note that on administration of 100% oxygen, the precapillary sphincter constricted. On return to room air, the precapillary sphincter dilated to a diameter larger than the control diameter. Average responses of vessel types to inspiration of 18% oxygen. transformed data to obtain the mean and the standard error. The antilog of these values is shown plotted in Figure 6 . This transformation resulted in the computation of a geometrical average of the responses to mild hypoxia (18%) for each category of vessels. The graph of Figure 6 illustrates that the principal response to a step decrease in oxygen supply was obtained from the transverse distribution arterioles. The terminal arterioles and the metarterioles responded only slightly. On the average, the precapillary sphincters and the major arterioles were unaffected by the hypoxia.
EFFECTS OF CYANIDE
Experiments were performed in six rats in an attempt to determine the mechanism of action of the response to mild hypoxia. Figure 7A shows that an A, vessel responds to 18% oxygen with dilation. In the same vessel, in B, an intra-arterial injection of 1 fj.g of sodium cyanide dissolved in 0.1 ml of saline produced a substantial, although not a maximum, dilation. The same volume of saline injected in a like manner had no appreciable effect on a similar vessel. In an A 4 vessel (Fig. 7C) , mild hypoxia caused much less of a response than it did in the A, vessel. Cyanide at ten times the concentration used in B produced only a moderate dilation in the A 4 vessel. In this case, the injection itself produced a drop in systemic arterial blood pressure, probably of reflex origin, and a rise in nanoammeter current (relative tissue oxygen tension), which proved to be typical of the oxygen tension responses to cyanide injections. An A 5 vessel (Fig. 7D) showed practically no response to 18% oxygen and a decrease in diameter with the cyanide injection, which was possibly due to the fall in systemic arterial blood pressure. The responses of the vessel types to cyanide injections paralleled their responses to mild hypoxia (Fig. 6 ) in magnitude and direction. bilateral common carotid artery occlusion or circulating catecholamines, was blocked by phenoxybenzamine or phentolamine; A : vessels still retained their responsiveness to 18% oxygen ( Fig. 4 ) even though the rat was hypotensive and the vessels probably had lost some of their tone due to the a-receptor blockade. The responsiveness of the transverse distribution arterioles to mild hypoxia was unchanged by: (1) intraperitoneal injections of atropine to block cholinergic reflexes and responses, (2) intraperitoneal injections of propranolol to block /3receptor stimulation, (3) intraperitoneal injections of diphenhydramine to block histaminergic reflexes, or (4) topical application of guanethidine to block sympathetic nerve transmission.
EFFECTS OF PHARMACOLOGICAL BLOCKADE
When a-receptor stimulation, elicited by either
Discussion
REDUCTION IN OXYGEN TENSION
One concept of local control of the microcirculation (5) (6) (7) (8) suggests that the precapillary sphincters are the primary effectors coordinating tissue perfusion with local metabolic requirements. Hence, a Circulation Research, Vol. XXXIV. January 1974 necessary assumption is that any metabolic mechanism for vascular control must operate on the precapillary sphincters and the terminal arterioles. The lack of the anticipated response of the precapillary sphincters cannot be accounted for by the data obtained from this investigation. However, several mechanisms can be proposed to explain this phenomenon; we will offer only a few.
There may be a critical range of oxygen tension within which the vessel adjusts its diameter inversely with the surrounding oxygen tension. Duling and Berne (3) have reported that intra-and extravascular oxygen tensions are only slightly different and that the oxygen tension decreases appreciably from large arterioles to terminal arterioles. Further studies would be necessary to determine if the critical range of oxygen tension for full expression of the vascular effects is similar to that reported for the intermediate-sized arterioles (3). Moreover, it is possible that the dilation of the upstream, intermediate-sized arterioles due to the slight hypoxia prevented any change in the oxygen tension of the precapillary sphincters. However, this hypothesis is not supported by the results of the cyanide studies.
In some experiments, a precapillary sphincter constricted while the rat was breathing 18% oxygen. This constriction might have resulted from a pressure-dependent myogenic mechanism (9) involved in local vascular regulation. If the arteriolar vessels upstream dilated in response to hypoxia, a greater head of pressure would be transmitted to the precapillary sphincters. Assuming that the sphincters are myogenically active and that they are relatively unaffected by hypoxia, one can envision them constricting in response to the increased transmural pressure. This factor might have prevented them from showing any sizable response to hypoxia.
That the seemingly nonresponsive precapillary sphincters did, in fact, contain smooth muscle was clearly established by the constriction caused by the administration of 100% oxygen (Fig. 3B ) or the occlusion of the left common carotid artery (the right common carotid artery was occluded by the blood pressure cannula), which has been shown to have a preferential effect on skeletal muscle beds (10) . After the constriction induced by inspiration of 100% oxygen, the vessels dilated to a diameter greater than their control diameter (Fig.  3B) , indicating that during the control period the vessels were not maximally dilated.
A second possibility is that the precapillary sphincters contract randomly without regard to slight alterations in oxygen tension, a fact that would also explain their lack of response to inspiration of 18% oxygen.
The observed dilation of the terminal arterioles was more variable and, on the average, of greater magnitude than that of the precapillary sphincters. Since the diameter measurements were taken at the point of best clarity and not at the same distance from the capillary end, this variable responsiveness might have been a function of distance from the arterial capillary.
The greatest dilator response to mild hypoxia occurred within the transverse distribution arterioles, which are arteriolar vessels that do not empty directly into capillaries but rather serve as a trunkline for precapillary sphincters, terminal arterioles, and other arterioles and are oriented obliquely to the skeletal muscle fibers. Within this transverse arteriole category, no correlation with the distance from the capillary was attempted; the vessels were grouped arbitrarily on the basis of their average control diameter, although, in most cases, only one vessel (precapillary sphincter oi terminal arteriole) separated them from a capillary.
The vessels in group A,, which are the smallest arterioles with a diameter of less than 12.5fi, were the most responsive to hypoxia. Of all the arterioles, these vessels seemed to possess the greatest amount of tone and most active vasomotion. The magnitude of the arteriolai response to hypoxia decreased as vessels with larger average control diameters were analyzed This dependence of the hypoxic response on the initial diameter is similar to the relationship described by Carrier et al. (Fig. 3 in ref. 1) .
In general the response of the arterioles to hypoxia seemed to parallel the apparent tone in the vessels at that particular time. Vasomotion, although seeming to be independent of steadystate tone, did appear in most cases to be proportional to the amount of tone that had developed. In the equilibration period, steady-state tone usually reappeared and stabilized before any vasomotion was perceptible. After the development of tone, the walls of the smaller arterioles were wavy in appearance, but the larger arterioles still retained their straight-pipe outline and seemed to have little intrinsic tone. Nevertheless, these larger vessels could be made to exhibit a considerable increase in tone by occluding the common carotid artery and, to a smaller degree, by administering 100% oxygen.
Of all the vessels the transverse arterioles, which lie between the major distribution arterioles and the terminal vessels, seemed to possess the greatest amount of tone (from the pharmacological studies, the tone appeared to be intrinsic) and demonstrated the most sensitivity to oxygen lack. A necessary prerequisite for optimum bidirectional regulatory capability in a vascular control system is that the controlling effector be, in the steady-state situation, close to the midpoint of its allowable excursion. Since the local vascular control system would be required to effect such bidirectional control in the maintenance of local tissue homeostasis, the vessels that are the effectors for local control should possess tone sufficient to allow for significant constriction and dilation.
The finding that the transverse distribution arterioles were the primary sites for both the development of intrinsic tone and the responsiveness to step changes in oxygen supply suggests that these vessels are the principal effectors for local control. This suggestion, of course, assumes that each of the vascular segments was under normal in Circulation Rttairch, VoL XXXIV. January 1974 OXYGEN CONTROL OF MUSCLE VASCULATURE 9 3 situ conditions. The possibility exists that those segments of the microcirculatory tree which are most sensitive (i.e., A 5 arterioles and precapillary sphincters) to local or remote control mechanisms have already responded maximally to an initial insult imposed by the experimental conditions and that the less sensitive segments (Aj-A 4 ) are the only ones remaining in a state which can respond to an additional insult (i.e., hypoxic stimulus).
CYANIDE INJECTIONS
Insofar as can be judged from the available data, the responsiveness of the vessel types to cyanide was qualitatively similar to that seen in the same vessels in response to hypoxia. Since cyanide inhibits the operation of mitochondrial respiration by limiting the utilization of oxygen in the electron transport system, the present studies are compatible with the mechanism proposed by Detar and Bohr (2), who have suggested that the production of high-energy phosphates is the rate-limiting process in supplying energy for smooth muscle contraction. The finding in the present study that cyanide dilated those vessels with tone suggests that the maintenance of tone and vasomotion depends to a large extent on aerobic metabolism.
An analysis of the changes in tissue oxygen tension and vessel diameter due to injections of cyanide reveals that the rise in oxygen tension significantly lagged behind the increase in vessel diameter (Fig. 7C) . Dilation followed the cyanide injection within 5 seconds, whereas approximately 15 seconds elapsed before any appreciable increase in tissue oxygen tension was noted. Since a marked reduction in skeletal muscle aerobic metabolism should be detected as an increase in tissue oxygen tension, this finding suggests that the vessel dilated as a result of the cyanide acting directly on the vascular smooth muscle cells to limit their aerobic metabolism rather than indirectly through adjacent skeletal muscle cells. The quick onset of the cyanide-induced dilation supports the same conclusion.
PHARMACOLOGICAL BLOCKADE
The results of the pharmacological blockade studies suggest that the responses to small step changes in oxygen supply are independent of any central reflex or catecholamine-mediated reaction.
It must be emphasized that the decrease in oxygen tension was not sufficient to produce a change in arterial blood pressure; thus, this study hopefully involves only the local control of oxygen supply. The magnitude of the hypoxic response, however, did depend on the composite intrinsic and extrinsic tone of the vessels. During phenoxybenzamine, phentolamine and guanethidine blockade, the extrinsic tone of the vessels was eliminated. Initially, after administration of these pharmacological agents, a sizable increase in the diameter of the "tonic" vessels was noted; however, over a short period of time a large portion of this lost tone was regained. The resultant tone, however, was still below normal, and the dilatory response to hypoxia was diminished.
